F ive key developments have contributed significantly to our understanding of the structural geology, basin evolution, and tectonic history of the eastern North American rift system: 1. Acquisition of new data. Over the past two decades, regional and local geologic mapping, drilling and coring, and seismic reflection profiling have increased vastly our structural and tectonic database. It is now clear that these basins are predominantly halfgraben, with generally synthetic intrabasinal faults and fault-perpendicular folds that in many cases are related to fault segmentation.
F ive key developments have contributed significantly to our understanding of the structural geology, basin evolution, and tectonic history of the eastern North American rift system: 1. Acquisition of new data. Over the past two decades, regional and local geologic mapping, drilling and coring, and seismic reflection profiling have increased vastly our structural and tectonic database. It is now clear that these basins are predominantly halfgraben, with generally synthetic intrabasinal faults and fault-perpendicular folds that in many cases are related to fault segmentation.
2. Role of preexisting structures. The rift system is located within the Appalachian orogen, and thus the border fault systems of the rift basins consist of reactivated structures. The attitude of the reactivated faults with respect to the rift-related extension direction controlled the nature of the reactivation (dip-slip dominated versus strike-slip dominated), which affected the amount of basin subsidence and types of associated structures. The uniform dip direction of preexisting faults over large areas accounts for the lack of halfgraben polarity reversals within rift zones (e.g., the Newark-Gettysburg-Culpeper rift zone).
Application of fault-population studies.
In the past 10 years, considerable progress has been made in our understanding of the geometry and scaling relationships of populations of normal fault systems. This information is directly applicable to rift basin structural geology in that half-graben are large, normal faultbounded basins. The most relevant features of normal fault systems to basin geometry are: (a) Displacement is greatest at or near the center of a normal fault and decreases systematically to the fault tips; displacement also decreases with distance perpendicular to the fault. (b) Normal fault systems are segmented, and many fault segment boundaries are areas of (at least temporary) displacement deficits. (c) As displacement builds up on a normal fault, the fault increases in length. Consequently, rift basins consist of scoop-shaped depressions that grow longer, wider, and deeper through time. In segmented border fault systems, the scoop-shaped subbasins are separated by intrabasinal highs.
4. Integration of stratigraphy and structural geology. The sedimentary deposits of half-graben are influenced by basin geometry; consequently, stratigraphy can be used to infer aspects of basin evolution and structural geology. On a local scale, thickness variations of fixedperiod Milankovitch cycles are particularly useful for From: "The Great Rift Valleys of Pangea in Eastern North America--Volume One: Tectonics, Structure, and Volcanism," edited by Peter M. LeTourneau and Paul E. Olsen, Columbia University Press, New York, 2003 assessing variations in basin subsidence and for determining whether structures formed syndepositionally. On a regional scale, (a) the lack of Jurassic strata in the southern basins likely indicates that they stopped subsiding before the northern basins did; (b) high accumulation rates in Early Jurassic strata in the northern rift basins indicate accelerated basin subsidence during eastern North American magmatism; and (c) the presence of a tripartite stratigraphy (basal fluvial unit, middle deep-water lacustrine unit, and upper shallow-lacustrine and fluvial unit) in most basins indicates that they share a similar evolutionary trend, most likely related to the infilling of basins growing larger through time. All or parts of a tripartite stratigraphy comprise unconformity-bounded sequences associated with extensional pulses.
5. Recognition of inversion structures. Although postrift contractional structures have long been recognized, recent work shows that the magnitude of postrift shortening was greater than previously thought and that the initiation of shortening and basin inversion was diachronous. In particular, shortening in the southern basins began after synrift deposition and before the eastern North America magmatic event (ϳ202 Ma), whereas rifting and subsidence continued in the northern basins. Inversion in the northern basins occurred between early Middle Jurassic and Early Cretaceous time. Postrift shortening is attributed to ridge-push forces and to continental resistance to plate motion during the initiation of seafloor spreading, which itself was diachronous along the North American margin.
Over the past three decades, interest in extensional basins has been increasing steadily in both academia and industry, and with good reason: the basins are the best recorders of the history of crustal extension. Extensional basins contain not only the structures formed during extension but also the dateable strata influenced by those structures. In addition, extensional basins are the sites of active hydrocarbon exploration and exploitation (e.g., Harding 1984; Lambiase and Bosworth 1995) .
Much of the research on extensional tectonics has been conducted in regions where extension is currently active or was recently active (e.g., Basin and Range, Aegean Sea, Gulf of Suez, and East African rifts). Although it is possible to study extension-related earthquakes or recent fault scarps in these basins, the extensional basins themselves-those recorders of the history of extension-are buried by their youngest fill. Therefore, most of the record is not available for direct observation. Even worse, some extensional basins are covered by hundreds of meters of water (e.g., North Sea, Gulf of Suez, Aegean Sea, and East African rift lakes). Drilling and geophysical methods provide the only (and commonly ambiguous) clues to unraveling that much-sought-after extensional history.
Eastern North America provides an excellent opportunity to examine the 40-million-year extensional history of the early fragmentation of Pangea locked within the basins containing the rocks of the early Mesozoic Newark Supergroup (Froelich and Olsen 1984) . The exposed basins are erosionally dissected, permitting much of the stratigraphic section to be scrutinized. The largely nonmarine record of the exposed basins means that sea level is not a factor in influencing depositional patterns. However, the largely lacustrine strata are commonly sensitive recorders of climate change as well as potential hydrocarbon source rocks. In addition, these basins are related to continental separation that led to the initiation of seafloor spreading in the North Atlantic and are the synrift counterparts to the postrift deposits of the U.S. continental margin, perhaps the most intensely studied and certainly the type passive margin (Sheridan and Grow 1988) .
Following an overview of points of contention, this chapter explores five key areas that have contributed most to our understanding of the structural geology, basin evolution, and tectonic history of the eastern North American rift system in the past 15 years: (1) acquisition of new data, which have defined more specifically the geometry of the basins themselves and the geologic structures present within them; (2) recognition of the role of preexisting structures, which can account for some of the first-order structural differences among the various basins; (3) application of fault-population studies, which has provided a framework for a better understanding of a suite of normal fault-related structures; (4) integration of structural geology and stratigraphy, which has allowed us to date many geologic structures as well as to make strides toward unraveling the effects of tectonics, climate, and sediment supply on stratigraphic architecture; and (5) recognition of inversion structures, which indicate that the classical rift-drift models of passive margin evolution are overly simplistic.
This review focuses principally on the eastern North American rift system, although many of the concepts apply to other extensional settings. Lorenz (1988) provides an excellent historical summary of research on the Mesozoic basins, and Schlische (1990) gives a brief historical review focusing on the structural aspects of the rift system.
Points of Contention
Considerable debate has centered around three questions:
1. Is the large suite of structures contained in the eastern North American rift system attributable to a uniform stress field reactivating variably oriented Paleozoic structures or to a history of changing stress regimes?
2. Are the major structures bounding and contained within the basins syndepositional or postdepositional?
3. What are the causes of the major stratigraphic transitions (e.g., fluvial sedimentation to lacustrine sedimentation) within the exposed basins?
In the following paragraphs, the various competing hypotheses related to these three questions are outlined. Progress toward resolving these questions is then described in subsequent sections. The current status of these questions is summarized in the discussion section. The extensional basins of the Newark Supergroup are host to a variety of structures, many of which generally are not associated with continental extension. Structures include normal (e.g., Barrell 1915 ), strikeslip (e.g., Manspeizer 1980 de Boer and Clifton 1988) , and thrust faults (e.g., Wise 1988); dikes (e.g., King 1971) and joints (e.g., Wise 1982) ; and folds (e.g., Wheeler 1939), some of which contain an axial planar cleavage (Lucas, Hull, and Manspeizer 1988) . This association of structures has led some workers to conclude that not all structures are related to rifting but reflect a historical sequence of changing stress regimes (Sanders 1963; Faill 1973 Faill , 1988 Swanson 1982; de Boer and Clifton 1988; Wise 1988; Manning and de Boer 1989) . In this scenario, the normal faults, joints, and dikes are related to early Mesozoic extension, with the strike-slip faults and folds related to postrift episodes of shearing and compression. Other workers maintain that a large suite of the structures can be explained as a consequence of a relatively uniform and protracted period of extension reactivating variously oriented preexisting structures, which then controlled the formation of new structures (Ratcliffe and Burton 1985; Schlische and Olsen 1988; Olsen, Schlische, and Gore 1989; Olsen and Schlische 1990) . A third group argues that the structures can be explained as a consequence of a regional shear couple acting on North America during the early Mesozoic (Manspeizer 1980 (Manspeizer , 1981 (Manspeizer , 1988 Manspeizer and Cousminer 1988; Manspeizer et al. 1989) . The latter two groups do not discount the notion that postrift deformation affected the basins and their fill, but they also argue that many of the structures ascribed by the first group to postrift deformation are in actuality synrift.
The timing of border faulting with respect to sedimentation has been controversial. One group maintains that the basins initially formed as synformal downwarps, with border faulting occurring late in the history of rifting (e.g., Faill 1973 Faill , 1988 de Boer and Clifton 1988; Root 1988 Root , 1989 . Others have followed Barrell's (1915) line of thought and argued that border faulting was contemporaneous with sedimentation (e.g., Sanders 1963; Ratcliffe 1980; LeTourneau 1985; Nadon and Middleton 1985; LeTourneau and McDonald 1988; Schlische and Olsen 1988; Olsen and Schlische 1990) . Manspeizer (1988) suggested that basin-bounding faulting became active when sedimentation switched from fluvial to lacustrine.
Although a wide variety of depositional environments have been identified within Newark Supergroup basins, two broad types predominate: fluvial and lacustrine (each has associated marginal facies). Changes from fluvial to lacustrine sedimentation typically have been interpreted to reflect a change in tectonic activity: the border fault moved, the basin deepened, and lacustrine sedimentation began (Manspeizer 1988; Manspeizer et al. 1989; Lambiase 1990 ). But Schlische and Olsen (1990) proposed that the simple infilling of a basin growing in size through time can also explain the transition and its noncontemporaneity in unconnected basins.  . (a) Eastern North American rift basins (modified from Schlische 1993 and Olsen 1997) . Basins discussed in the text are labeled. (b) Geologic maps of selected exposed basins, all shown at the same scale. The Newark, Gettysburg, and Culpeper basins are shown in their true spatial arrangement, and the same applies to the Pomperaug and Connecticut Valley basins; C, Chalfont fault; LP, longitudinal pinchout; RB, rider block; RR, relay ramp. Seismic lines 81-79 and 81-47 are shown in figure 4.14. TS II to TS IV refer to tectonostratigraphic sequences of Olsen (1997) (figure 4.12) . For enlarged versions of the portions of the Newark basin enclosed within the rectangles, see figures 4.3 and 4.10a; for an enlarged version of the portion of the Minas subbasin enclosed within the rectangle, see figure 4.6 (maps simplified from Schlische 1993, based on the following sources: Fundy [Keppie 1979; Donohoe and Wallace 1982; Olsen and Schlische 1990; Withjack, Olsen, and Schlische 1995] ; Connecticut Valley and Pomperaug [Zen et al. 1983; Rodgers 1985] ; Newark [Berg 1980; Olsen 1980; Ratcliffe et al. 1986; Lyttle and Epstein 1987; Parker, Houghton, and McDowell 1988; Ratcliffe and Burton 1988; Schlische and Olsen 1988; Schlische 1992; ; Gettysburg [Berg 1980; Root 1988] ; Culpeper [Leavy, Froelich, and Abram 1983] ; Richmond [Olsen, Schlische, and Gore 1989] ; Danville-Dan River [Meyertons 1963; Thayer 1970; Kent and Olsen 1997] ; Deep River [Bain and Harvey 1977; Brown et al. 1985] ). (c) Longitudinal cross sections of the basins shown in b (modified from Schlische 1993) .
Acquisition of New Data
New geologic mapping at a variety of scales has contributed to our understanding of the structural geology of the eastern North American rift system. On the largest scale, Williams's (1978) map of the Appalachians clearly shows the strong influence of Appalachian structures on basin geometry (figure 4.1a). At the next lower scale range are the state and provincial geologic maps that include all or parts of the exposed rift basins; many of these maps have been updated in the past 20 years (see references in the caption to figure 4.1). Olsen, Schlische, and Gore (1989) and Schlische (1990) recompiled the geologic maps of the major exposed basins, which were then published using uniform lithologic and structural symbols by Schlische (1993) . Simplified versions of these maps, all published for the first time at a common map scale, are presented in figure 4.1b. At the next scale are regional maps prepared for a specific purpose-for example, quadrangle-scale maps of the areas surrounding the Newark Basin Coring Project (NBCP) drill sites . Perhaps the smallest-scale maps are those showing the spatial distribution of normal faults in the Solite Quarry of the Danville basin (Ackermann et al., chapter 8 in this volume).
Cross sections of the various basins are based in part on projecting surface features to depth and subsurface data, which include seismic reflection profiles as well as core-and drill holes. In the past 15 years, there has been an explosion in the availability of seismic reflection data of variable quality (data available prior to 1988 are summarized in Unger 1988) . The United States Geological Survey has acquired the majority of the offshore seismic reflection data (summaries in Hutchinson, Klitgord, and Detrick 1986; Benson and Doyle 1988; Klitgord 1988a, 1988b; . The recent EDGE project obtained high-quality data for the offshore Norfolk basin (Musser 1993; Sheridan et al. 1993) . Seismic reflection data for a variety of onshore basins in the United States (summarized in Costain and Coruh 1989) were acquired by the U.S. Geological Survey and by other federal and state agencies, various academic groups (including COCORP [McBride, Nelson, and Brown 1989] ), and industry. Industry-acquired data have become increasingly available in the past decade. Reynolds (1994) interpreted multiple seismic reflection profiles across the southeastern Newark basin released by Exxon. Withjack, Olsen, and Schlische (1995) described only a few of the scores of seismic reflection profiles acquired by industry in the Fundy basin. Industry-acquired seismic reflection data for the Taylorsville basin are described by LeTourneau (1999, chapter 3 in volume 2 of The Great Rift Valleys of Pangea) and by Malinconico (chapter 6 in this volume).
Drill hole and core data also have become increasingly available, especially in the past few years. Notable examples include data from Army Corps of Engineers cores from the Connecticut Valley basin (e.g., Pienkowski and Steinen 1995) and the Newark basin (e.g., Olsen, Schlische, and Fedosh 1996) ; NBCP cores from the Newark basin (Kent, Olsen, and Witte 1995; ; Department of Energy cores from the Dunbarton basin (Thayer and Summer 1996) ; industry cores from the Taylorsville basin (Letourneau 1999 , chapter 3 in volume 2; Malinconico, chapter 6 in this volume); and a long core obtained by the mining industry from the Fundy basin . The core data are most relevant in integrating stratigraphy with basin analysis, which is addressed later in the chapter.
Dating the activity of geologic structures requires good age control for the affected rock units. Age control in the exposed Mesozoic basins traditionally has been based on biostratigraphy (e.g., Cornet 1977; Cornet and Olsen 1985; Olsen, Schlische, and Gore 1989) . In recent years, a more robust chronostratigraphic control has been achieved through isotopic dating of igneous rocks, cyclostratigraphy, and magnetostratigraphy. The age of quartz-normative tholeiitic magmatism in basins from the Culpeper basin to the north (hence referred to as the northern basins) is 202 ‫ע‬ 2 Ma (Sutter 1988; Dunning and Hodych 1990; Hodych and Dunning 1992) ; this age likely applies to the entire eastern North American magmatic event, including subsurface lava flows in the southeastern United States and diabase dikes of various orientations (Olsen, Schlische, and Gore 1989; Ragland, Cummins, and Arthur 1992; Olsen, Schlische, and Fedosh 1996) . Interbasinal correlations based on basalt geochemistry and cyclostratigraphy indicate that the duration of extrusive igneous activity in the Culpeper, Newark, Connecticut Valley, and Fundy basins was less than 600,000 years (Olsen, Schlische, and Fedosh 1996) . Using the age of 202 Ma for the lava flows in the Newark basin, Olsen, Schlische, and Fedosh (1996) used core-based cyclostratigraphy to apply absolute ages to the Newark basin stratigraphic section. Cyclostratigraphy also provides data on accumulation rates (discussed in depth later in the chapter) and constrains the ages of magnetic polarity reversals for the Newark basin magnetic polarity section (Kent, Olsen, and Witte 1995) . Kent and Olsen (1997) demonstrated that several correlative polarity reversal boundaries are present in the Danville basin; LeTourneau (chapter 3 in volume 2) is developing a magnetostratigraphy for the Taylorsville basin. Interbasinal paleomagnetic correlations with the Newark basin section potentially provide excellent chronostratigraphic control even in strata lacking Milankovitch cycles.
Structural Synthesis
This review of the structural geology of the eastern North American rift system is based mainly on map views and longitudinal cross sections of the exposed basins shown in figure 4.1b and c and on the transverse cross sections presented in figure 4.2. Additional information is available in the syntheses of Olsen, Schlische, and Gore (1989) and Schlische (1990 Schlische ( , 1993 and in the references listed in the figure captions for this chapter.
The majority of the rift basins in eastern North America are half-graben, which are asymmetrical fault-bounded basins roughly triangular in cross section (figure 4.2). The more steeply inclined basin margin consists of a network of predominantly normalslip faults comprising the border fault system (BFS), which generally trends NNE to NE. The more gently inclined margin is known as the ramping margin and consists of the contact between prerift and synrift rocks. This contact may be disrupted by intrabasinal faults. Both the contact and the overlying synrift strata dip toward the BFS. The dip angle of the synrift strata commonly steepens somewhat in proximity to the BFS; this geometry is known as reverse drag or rollover (e.g., Hamblin 1965; Gibbs 1983; Dula 1991; Xiao and Suppe 1992; Schlische 1995) .
The BFSs are commonly segmented in plan view as well as in cross section. The most common type of plan-view segmentation consists of a number of fault segments with a relay geometry, meaning that the individual faults have the same strike as the fault system. Relay ramps are present between the overlapping fault segments (figures 4.1b and 4.3a); these regions are marked by the prerift-synrift contact that strikes obliquely with respect to the fault segments and that dips in the general direction of the mutual footwall. A less common type of BFS segmentation is best developed in the Hartford subbasin. In this case, longer NNE-striking segments are connected by shorter NEstriking segments; the NE-striking segments are oriented similarly to intrabasinal faults. The relay ramp style of segmentation is an example of soft linkage in that faults transfer displacement from one segment to another without being physically connected, at least in map view; the Hartford subbasin style is an example of hard linkage in that the segments are physically connected (Walsh and Watterson 1991; Davison 1994) .
In cross section, the BFS segmentation is expressed as a series of fault riders that bound rider blocks along which the prerift-synrift contact progressively steps down (figures 4.2 and 4.3c). As a result, the deepest ; Newark [Schlische 1992 ];
Gettysburg [Root 1988 ]; Culpeper [seismic profile in Manspeizer et al. 1989 ]; Deep River . Line drawings reinterpreted from Hutchinson et al. 1986)  . part of the basin is shifted hingeward from the surface trace of the BFS. Faulting appears to have propagated preferentially into the footwall block (Schlische 1992 (Schlische , 1993 Reynolds 1994) . This progressive footwall incisement is most likely attributable to gravitational collapse of the uplifted footwall blocks (Gibbs 1984) , particularly in cases where the uplift rate exceeded the erosion rate. Footwall uplift for basin-bounding faults (e.g., Zandt and Owens 1980; King and Ellis 1990; Anders and Schlische 1994) occurs in response to absolute upward motion during fault displacement (e.g., Stein and Barrientos 1985) , coupled with isostatic unloading of the footwall blocks (Jackson and McKenzie 1983) . The gravitational collapse process may have been aided by preexisting fault structures in the footwall block (see the next section). This model for footwall incisement contrasts with the rolling hinge model (Buck 1988) , which predicts hanging-wall incisement. As illustrated in figure 4 .3, border fault segmentation, relay ramps, and rider blocks are related features. The dip angle of border faults is quite variable (figure 4.2), and the geometry of the border faults at depth is a matter of some controversy. Several workers have inferred that border faults are moderately to strongly listric, soling into detachments at midcrustal depths (e.g., Brown 1986; Bell, Karner, and Steckler 1988; Crespi 1988; de Boer and Clifton 1988; Manspeizer 1988; Manspeizer and Cousminer 1988; Ressetar and Taylor 1988; Root 1988 Root , 1989 Manspeizer et al. 1989) . In many instances, these inferences are based on reverse-drag or rollover stratal geometries, which are not necessarily diagnostic of listric faults (Shelton 1984; Barnett et al. 1987; Gibson, Walsh, and Watterson 1989) , or on unmigrated seismic reflection profiles. Unger (1988) cautioned that unmigrated or time-migrated seismic reflection profiles over Mesozoic rift basins commonly display a pronounced kink where the basal unconformity intersects the fault trace; this kink comes about because the higher seismic velocities recorded in basement rocks result in a velocity pull-up from the true position of the border fault (see also Withjack and DrickmanPollock 1984) . Seismological studies (Stein and Barrientos 1985; Jackson 1987) indicate that most active normal faults dip at moderate to moderately steep angles and remain essentially planar to the base of the seismogenic crust. For these reasons, the cross sections shown in figure 4.2 depict listric faults only in cases where there is good evidence of listricity based on depth-migrated seismic reflection profiles.
The map view geometry of the basins falls into two end-member types: (Anders and Schlische 1994; Schlische and Anders 1996) . All subbasins exhibit a half-graben geometry in transverse cross section. Individual half-graben within a composite basin all exhibit the same polarity (dip direction of BFS).
Intrabasinal faults are overwhelmingly synthetic to the BFS (figure 4.2), in part because this architecture decreases the likelihood that the fault systems will cross at depth, allowing both fault systems to accommodate the extension. In some instances, the intrabasinal faults are oblique to the BFS, suggesting that the orientation of the BFS was controlled by a preexisting weakness, whereas the orientation of the intrabasinal faults-at least in the synrift section-was controlled by the Mesozoic state of stress. Antithetic faults, typically with far less displacement than the synthetics, are also present, particularly along the hinged margin of the basin (figure 4.2); these faults appear to have formed to relieve the bending stresses associated with the regional dip of the hanging wall toward the BFS (see models in Gibbs 1984) . The majority of the intrabasinal faults generally strike in a NE direction and have significant dip-slip components. A notable exception is the Chalfont fault in the Newark basin (figure 4.1b, C), which has been proposed to be a major ESE-striking intrabasinal strike-slip fault; it formed as a transfer struc-
 . Early Jurassic age diabase dikes (thin black lines)
in northeastern North America. Rift basins are stippled; C, extent of Clubhouse Crossroads Basalt (Oh et al. 1995) . Rosettes indicate dike orientations (small tick marks indicate north) for the following regions: i, maritime Canada, New England, and New Jersey; ii, Pennsylvania, Maryland, and Virginia; iii, North Carolina; and iv, South Carolina and Georgia. (Modified from McHone 1988) ture to accommodate differential extension within the basin and formed subparallel to the extension direction (Schlische and Olsen 1988) . Diabase dikes generally parallel the basin margin or are slightly oblique to it in the northern basins but are perpendicular or highly oblique to the basin margins in the southern basins (figure 4.4). The significance of the dike trends is discussed in the section on postrift deformation and basin inversion.
Folds occur at a variety of scales in the Mesozoic rifts, are generally fault related, and can be classified as either transverse, with fold axis perpendicular to associated fault, or longitudinal, with fold axis parallel to associated fault (Schlische 1995) (figure 4.5). In all the rifts, the folds are preferentially expressed in the hanging-wall blocks. The largest-scale transverse folds are the basin-scale synclines and subbasin-scale synclines separated by intrabasin highs (anticlines) (figure 4.1c). Smaller transverse folds typically are associated with BFS segmentation at a scale smaller than the basin or subbasin scale (Schlische 1992 ) (figure 4.3a) as well as with fault-line deflections (Wheeler 1939) . These folds decrease in amplitude away from the BFS and do not affect basin width (unlike the basin-scale or subbasin-scale transverse folds). In the case of segmented BFSs, hanging-wall synclines occur at or near the centers of fault segments, whereas hanging-wall anticlines occur at segment boundaries (figure 4.3). In the case of fault-line deflections, synclines form at recesses and anticlines form at salients. Longitudinal folds include rollover folds, reverse-drag folds, drag folds (forced folds or fault-propagation folds), and inversion-related folds (figure 4.5).
The structural features described here apply to those rift basins whose border faults underwent significant dip slip. As further explored in the next section, a different suite of structures developed in basins whose border faults underwent significant strike slip. The nature of slip along the BFS (dip-slip dominated or strike-slip dominated) is a function of the orientation of synrift extension direction with respect to the orientation of reactivated faults.
Role of Preexisting Structures
Even a cursory examination of the distribution of early Mesozoic basins (figure 4.1) shows that they parallel many of the key structural elements of the Appalachian orogen (e.g., Williams 1978) . It is thus no surprise that workers on the Mesozoic basins have long suggested that they were profoundly influenced by preexisting structural controls (e.g., Lindholm 1978) . For example, Swanson (1986) summarized the evidence that the border faults of the Danville, Richmond, Taylorsville, Culpeper, Gettysburg, Newark, Connecticut Valley, and Fundy basins were inherited from the Paleozoic orogenies. Ratcliffe and Burton (1985) presented a generalized fault reactivation model that predicts the nature of slip and the relative amounts of throw on faults oriented at various angles to the extension direction. In cases where the preexisting zone of weakness is oriented perpendicular to the extension direction, the fault is reactivated in pure dip-slip mode, and the amount of throw on the fault is maximized. In cases where the preexisting zone of weakness is oriented parallel to the extension direction, the fault is reactivated in strikeStructural Geology of the Eastern North American Rift System • 31  . Geometry, features, and classification (based on Schlische 1995) of fault-related folds in rift basins. Illustration of fault-propagations folds (drag or forced folds) modified from Walsh and Watterson (1987) . 32 • Roy W. Schlische slip mode, and the amount of throw is minimized. Of course, these examples are only two end-member extremes. Schlische and Olsen (1988) noted that the amount of throw is also strongly dependent on the dip angle of the fault, increasing as the dip angle increases, assuming all other factors are equal. After a brief digression on what is meant by extension direction and how it can be constrained, I present two case studies of the Ratcliffe-Burton model of fault reactivation.
Estimating the extension direction is not a trivial task, and it is an undertaking made more difficult through an often ambiguous use of the term extension direction. When used strictly, extension refers to strain. When used in conjunction with rift basins, extension direction refers to the direction of maximum elongation, most typically the direction of maximum horizontal elongation. The extension direction is parallel to the minimum principal stress direction (r 3 ) only if the deformation is coaxial (e.g., pure shear) or infinitesimal. S Hmin refers to the horizontal minimum stress direction. Most published estimates of the extension direction are actually estimates of r 3 or S Hmin .
Dikes form perpendicular to r 3 (Anderson 1942 ) and are likely the most reliable paleostress indicators for the eastern North American rift system (e.g., McHone 1988; de Boer 1992) . If all or most of the dikes in eastern North America were intruded at the same time (ϳ200 Ma), as now seems likely, then r 3 was clearly oriented differently in the southern basins than in the northern basins (the significance of this difference is discussed later in the chapter). Stress directions also can be estimated using fault orientation and slip direction data (e.g., Angelier 1994 ). This method is applied most often to very small faults, which are commonly difficult to date, although crosscutting relationships and overprinting of slickensides assist in establishing a relative chronology (e.g., de Boer and Clifton 1988; de Boer 1992) . For the northern basins, the estimates of r 3 based on small normal faults are in good agreement with those based on the diabase dikes (de Boer and Clifton 1988; de Boer 1992) . Furthermore, the dikes and the majority of intrabasinal faults are subparallel (Schlische 1993) , indicating that the faults formed as predominantly normal-slip faults during the synrift period. However, both the dikes and the intrabasinal normal faults are commonly oblique to BFSs (figure 4.4), suggesting that their orientation is not a reliable indicator of r 3 .
Less widely available kinematic indicators include sediment-filled fissures in basalt and clastic dikes, which in the Fundy basin yield extension directions that are in agreement with diabase dikes (Schlische and Ackermann 1995) . These kinematic indicators are particularly useful because they can be dated more accurately.
The first case study of the Ratcliffe-Burton model involves the Newark-Gettysburg-Culpeper rift system, which exhibits the same curvature as that of the Pennsylvania reentrant/New York promontory (terminology used in Williams 1978) (figure 4.1a). The boundary faults of the Newark basin (Ratcliffe 1971 (Ratcliffe , 1980 Ratcliffe and Burton 1985; Ratcliffe et al. 1986 ), the Gettysburg basin (Root 1988 (Root , 1989 , and the Culpeper basin (Lindholm 1978; Volckmann and Newell 1978) have been interpreted to be reactivated structures. On the basis of the regional orientation of diabase dikes (figure 4.4), intrabasinal normal faults, and the ESE-striking Chalfont transfer fault, the extension direction, r 3 , is inferred to have been oriented WNW-ESE. The Ratcliffe-Burton model predicts predominantly dip slip on the NNE-striking boundary faults of the Culpeper and Gettysburg basins and mostly dip slip along the generally NE-striking boundary faults of the Newark basin (figure 4.6). Indeed, all three basins are half-graben (figure 4.2). In contrast, the E-striking boundary fault of the Narrow Neck, connecting the Newark and Gettysburg basins, is predicted to have a significant component of left-lateral strike slip. Indeed, the narrow width of the appropriately named Narrow Neck and the reduced stratigraphic thickness compared with that of the dip-slip-dominated basins are consistent with reduced dip slip (especially reduced heave) along the BFS. Border fault geometry in the Narrow Neck consists of a mosaic of E-and NEstriking faults (figure 4.1b), the latter of which are probably normal faults. The E-striking faults are likely left-lateral or left-oblique-slip faults based on the predictions of the Ratcliffe-Burton model, the mapped left-lateral strike-slip faults at the east end of the Narrow Neck (Lucas, Hull, and Manspeizer 1988) , and the WNW-plunging folds that intersect ESE-striking faults at dihedral angles of 10 to 15Њ (McLaughlin 1963) . Transverse folds are absent from the Narrow Neck.
The second case study focuses on the Fundy basin, which consists of three structurally distinct subbasins: the NE-trending Fundy and Chignecto subbasins and Structural Geology of the Eastern North American Rift System • 33  . (a) Geologic map of the Five Islands region, northern part of Minas subbasin (modified from Olsen and Schlische 1990 ). For location, see figure 4.1b. Note the mosaic of dip-slip and strike-slip faults. Only synrift movement sense is shown on faults. Because the pre-Jurassic stratigraphy of the Fundy basin is being revised , the Wolfville and Blomidon Formations are mapped as a single unit to avoid confusion between the old and new nomenclatures. (b) Geologic cross section through Old Wife Point (for location, see a), illustrating localized reactivation of predominantly normal-slip fault zones (modified from Withjack, Olsen, and Schlische 1995) . Reverse faults at the northwestern end have associated drag folds and a considerable component of strike-slip movement. White lines in basalt depict cooling joints. (c) Geologic cross section from Wasson Bluff to Clarke Head (for location, see a) (modified from Withjack, Olsen, and Schlische 1995) . The thickening of units toward the Clarke Head fault zone indicates that it likely originated as a NW-dipping normal fault zone and was rotated and reactivated during inversion. (d ) Summary of geologic evidence that the extension direction was oriented NW-SE during synrift phase. cWB and wWB refer to central and western Wasson Bluff, where the orientations of sediment-filled fissures in the North Mountain Basalt (for location, see a) were measured (Schlische and Ackermann 1995) . (e) Equal-area projection, showing the attitude of faults with reverse separation and associated right-oblique-slip faults from the northern margin of the Minas subbasin (from Withjack, Olsen, and Schlische 1995) . The shortening direction is normal to the mean strike of the faults. the E-trending Minas subbasin ( figure 4.1b) . The boundary faults of all subbasins are reactivated faults (Keppie 1982; Plint and van de Poll 1984; Mawer and White 1987; Withjack, Olsen, and Schlische 1995) . Based on the attitude of the Shelburne dike, sedimentfilled fissures in basalt, and clastic dikes in the Blomidon Formation ; Schlische and Ackermann 1995) (figure 4.6d), the extension direction, r 3 , was oriented NW-SE. The RatcliffeBurton model therefore predicts predominantly synrift dip slip along the border faults of the Fundy and Chignecto basins and synrift left-oblique slip along the boundary fault (Minas fault zone) of the Minas subbasin. Olsen and Schlische (1990) verified this prediction by assembling data that showed that (1) the Fundy and Chignecto basins are half-graben, are wider, and contain a much thicker stratigraphic section than the Minas subbasin; (2) the northern margin of the Minas subbasin is an extensional strike-slip duplex made up of a network of E-striking left-oblique-slip faults and NE-striking normal faults bounding a series of syndepositional graben and half-graben (figure 4.6a); and (3) dip-slip faulting and strike-slip faulting were coeval. The fault pattern along the northern margin of the Minas subbasin is also remarkably similar to that produced in clay models of oblique extension (Schlische, Withjack, and Eisenstadt in press ). Schlische (1990) suggested that the Minas fault zone is linked physically to and transfers its displacement to the BFS of the Fundy subbasin and thus marks the boundary between the Fundy and Chignecto subbasins, a scenario largely confirmed by Withjack, Olsen, and Schlische (1995) .
The Paleozoic fabric of eastern North America consists largely of generally NE-striking thrust faults and E-striking strike-slip faults (e.g., Arthaud and Matte 1977) . The NE-striking faults were reactivated as primarily dip-slip faults during Mesozoic extension and are associated with half-graben-type sedimentary basins, segmented border faults, rider blocks, relay ramps, and transverse folds. The E-striking faults were reactivated as left-oblique-slip faults during Mesozoic extension and are associated with complex mosaics of dip-slip and strike-slip faults, an absence of transverse folds, and reduced basin width and depth compared with dip-slip-dominated basins. A large suite of quite different structures therefore can form, depending on the orientation of the reactivated fault with respect to the extension direction .
Fault reactivation likely accounts for the lack of half-graben polarity reversals within the eastern North American rift system. As noted earlier, individual halfgraben units within composite basins (Connecticut Valley and Deep River basins) or rift basins within a larger rift zone (Newark-Gettysburg-Culpeper rift zone) do not alternate asymmetry along strike, as is characteristic of the East African rift system (Rosendahl 1987 ). This notable difference stems from the localization of North American basins along preexisting structures that generally dip in the same direction over large areas (Burgess et al. 1988; Reynolds and Schlische 1989) . Adjacent half-graben in eastern North America generally are not linked by accommodation zones, which are a common occurrence in East Africa (see also Morley 1995) . The larger number of accommodation zones in the East African rift system may be related to the closer spacing of and more frequent polarity reversals between adjacent half-graben in East Africa (Schlische 1993) . Some type of accommodation structure transferring displacement from one boundary fault to another is required between two oppositely dipping, closely overlapping BFS segments. Large-scale hard linkage structures are not required where halfgraben are sufficiently widely spaced, border faults dip in the same direction, and displacement goes to zero at the fault tips-a feature discussed in greater detail in the next section.
Application of FaultPopulation Studies
The past decade has experienced an explosion of research in fault-population studies (e.g., Cowie, Knipe, and Main 1996) . In this section, I focus on those aspects of fault-population studies most relevant to the structural geology and basin evolution of rifts: faultdisplacement geometry, length-displacement scaling, and fault segmentation. Additional aspects of this topic are explored in chapter 8 of this volume.
Features of Normal Faults
Fault displacement is greatest at or near the center of blind, isolated faults (figure 4.7a) and decreases to zero at the fault tips (Chapman, Lippard, and Martyn 1978; Muraoka and Kamata 1983; Barnett et al. 1987; Walsh and Watterson 1987; Dawers, Anders, and Scholz 1993) (figure 4.7b-d) . For an initially horizontal surface, this displacement geometry results in a synclinal fold in the hanging-wall block (figure 4.7d) and in an anticlinal fold in the footwall block. For any given point on the fault surface, displacement is greatest at the fault surface and decreases away from the fault, resulting in a reverse-drag geometry in both the hanging wall and the footwall (Barnett et al. 1987 ) (figure 4.7c). The reverse-drag geometry is in most instances associated with planar normal faults, and thus Barnett et al. (1987) and Gibson, Walsh, and Watterson (1989) cautioned that reverse drag does not necessarily indicate the presence of listric normal faults, as is commonly assumed in many two-dimensional fault kinematic models (e.g., Gibbs 1983; Dula 1991 ). The displacement geometries described here are character- Barrientos, Stein, and Ward 1987) . Black circles indicate survey points; tick marks indicate parts of the fault that developed prominent scarps following the earthquake. Note the welldeveloped reverse-drag geometry in section a-aЈ; b-bЈ shows a hanging-wall fault-displacement syncline. (f) Geologic map (top) and displacement-distance plot (bottom) of a segmented fault system (inspired by data in Dawers and Anders 1995) . The shaded line reflects the summed displacement profile. Segments 2, 3, and 4 sum to a smooth profile, indicating that they are linked kinematically. A displacement deficit is evident for segments 1 and 2, which are incompletely linked. No scale is shown because these features are scale invariant. istic of normal faults over scales ranging from centimeters to tens and hundreds of kilometers. A similar displacement geometry results from single-slip seismic events (Stein and Barrientos 1985) (figure 4.7e). The finite displacement geometry reflects the cumulative effect of multiple slip events (King, Stein, and Rundle 1988) .
It is generally agreed that there is a positive relationship between maximum displacement, D, and fault length, L, of the form D ‫ס‬ cL n , where c is related to rock properties and n is the scaling exponent (e.g., Watterson 1986) . Although the value of n has been controversial in the literature (compare Walsh and Watterson 1988; Marrett and Allmendinger 1991; Cowie and Scholz 1992; Gillespie, Walsh, and Watterson 1992) , high-quality data sets that span a sufficient scale range indicate that n ‫ס‬ 1; that is, the relationship between D and L is linear (e.g., Dawers, Anders, and Scholz 1993; ; see also Ackermann et al., chapter 8 in this volume). The length-displacement scaling relation indicates that small faults with small displacements grow into large faults with large displacements during successive slip events.
Normal fault systems at a variety of scales commonly are segmented (e.g., Larsen 1988; Jackson and White 1989; Peacock and Sanderson 1991; Gawthorpe and Hurst 1993; Anders and Schlische 1994; Faulds and Varga 1998) (figure 4.7f) . Segment boundaries may be recognized by significant changes in fault strike, fault overlaps and offsets, reduced displacement (especially in the hanging-wall block), and differences in the age of faulting across the segment boundary (e.g., Zhang, Slemmons, and Mao 1991) . Segmented faults typically are linked kinematically (Walsh and Watterson 1991) : summing the displacements of individual faults within the system results in a cumulative profile that resembles that of an isolated fault (e.g., Trudgill and Cartwright 1994; Dawers and Anders 1995) , although displacement deficits may indicate regions of incomplete linkage (Dawers and Anders 1995) (figure 4.7f) . At least during the early stages of kinematic linkage, relay ramps form between closely spaced fault segments. These relay ramps may become breached during continued fault-segment propagation (Peacock and Sanderson 1991; Childs, Watterson, and Walsh 1995) .
Effect on Basin Geometry and Associated Structures
Because half-graben basins are fault-bounded sedimentary basins, the displacement geometry associated with the faults and the evolution of the basinbounding fault system strongly control basin geometry (e.g., Schlische 1991). The fault-and basin-growth models shown in figure 4.8 are based on the threedimensional displacement field associated with normal faults, the L-D scaling relation, and aspects of fault segmentation. The simplest case consists of a basin bounded by single border fault ( figure 4.8a) . The basin itself is roughly scoop shaped. In longitudinal section, the basin has a synclinal geometry reflecting alongstrike variations in fault displacement. In transverse section, the basin exhibits the classic half-graben morphology reflecting the reverse-drag geometry. The (uneroded) footwall block is a mirror image of the hanging-wall block, although the amplitude of the uplift is commonly smaller. The basin grows in length, width, and depth through time as displacement accrues on the border fault.
Basins bounded by multiple fault segments are considerably more complex (figure 4.8b-d). All begin as isolated subbasins. For nonoverlapping synthetic faults (figure 4.8b, Case 1) and closely overlapping synthetic faults (figure 4.8c, Case 2), the subbasins eventually merge. In the former case, the intrabasin high that separates the subbasins eventually subsides. In the latter case, the intrabasin high persists because fault displacement is divided among multiple active-fault segments that distribute basin subsidence (Anders and Schlische 1994 ) (see transverse cross sections in figure 4.8c). For widely overlapping fault segments (figure 4.8d, Case 3), the subbasins may never merge. The Connecticut Valley basin is an example of a Case 1 basin (figure 4.8b) in which faulting stopped prior to complete linkage. The Deep River basin consists of both Case 1 and Case 2 subbasins. All the other halfgraben-type basins appear to be "simple" basins bounded by a single border fault or by a fault that effectively acts like a single fault, although it may be composed of several geometric segments. The gross geometry of these basins does not indicate whether they grew from a single border fault (figure 4.8a) or through the consolidation and complete merger of Fault-displacement geometry, growth, and segmentation also account for nearly all the folds present in rift basins (Schlische 1995) (figure 4.5) . The largestscale transverse folds are the basin-scale synclines and subbasin-scale synclines separated by anticlinal highs (figures 4.1c and 4.8). Other transverse folds are associated with smaller-scale fault segmentation (figure 4.3), with hanging-wall synclines forming in areas of locally higher fault displacement (segment centers and recesses), and with hanging-wall anticlines forming in areas of locally lower fault displacement (segment boundaries and salients). Reverse-drag folds are longitudinal folds that reflect the decrease in displacement away from the fault surface. Drag folds are longitudinal folds that form as a consequence of fault propagation into the monoclinally flexed strata commonly surrounding the fault tips. These folds thus more properly are called fault-propagation folds and commonly are superimposed on the much longer wavelength reversedrag folds. The majority of these fault-propagation folds formed during sedimentation and thus controlled thickness and facies distributions, which is the subject of the next section.
Integration of Stratigraphy with Structural Geology and Basin Analysis
The first-order control on basin geometry is the deformation field associated with the basin-bounding fault system. In turn, the architecture of the basin fill is strongly influenced by basin geometry. For example, as shown in figure 4.8, the basin fill thickens toward the centers of subbasins; lacustrine facies would be expected to deepen in a similar manner. These relationships suggest that the thickness and facies patterns in the basin fill can be used to infer aspects of basin geometry. Furthermore, they can be used to determine whether or not faults (and folds) formed syndepositionally. This section explores these topics as well as the significance of vertical facies transitions for the tectonostratigraphic evolution of extensional basins.
Syndepositional Faulting and Folding
Evidence of syndepositional border faulting includes (1) alluvial-fan conglomerates deposited adjacent to the border fault; (2) an increase in the thickness of strata in the hanging wall as the normal fault is approached with thinning toward the fault in the footwall (assuming sedimentation within the footwall block); (3) evidence of growth (i.e., decreasing amounts of fault displacement in younger rocks); and (4) a progressive decrease in dip of younger strata (figure 4.9a). Syndepositional intrabasinal faulting is more difficult to assess. For example, as shown in figure 4 .9a, strata thicken toward fault B in the hanging-wall block and thin toward fault B in the footwall block, but these thickness changes are exclusively attributable to syndepositional movement on the border fault. Fault A, on the contrary, is a syndepositional intrabasinal fault because there are dramatic changes in thickness of a given unit across the fault, and thickening rates change across the intrabasinal fault. Schlische (1990 Schlische ( , 1993 reviewed the evidence for syndepositional border faulting in the major exposed rift basins. In this section, I focus on the evidence for syndepositional faulting and folding in the Newark basin.
Conglomerates are present along virtually the entire length of the BFS of the Newark basin and occur in all sedimentary formations; conglomerates are also inferred to be present adjacent to the BFS at depth on the basis of reflection characteristics on the NORPAC seismic line (Schlische 1992) . Although the pattern of stratal dip is complex as a result of intrabasinal faulting, transverse and longitudinal folding, and basin inversion, there are some structurally simple areas-for example, the Delaware River region (Schlische 1992) (figure 4.8)-that exhibit decreasing dips in progressively younger strata.
The NBCP cores also provide information on regional variations in thickness and facies. The offset coring technique produced overlap sections for six pairs of stratigraphically adjacent cores (figure 4.10a); correlations are based on cyclostratigraphy and magnetostratigraphy (Kent, Olsen, and Witte 1995) . The overlap section of the Rutgers and Somerset cores, for example, shows that equivalent units thicken by approximately 12% between the Rutgers and Somerset sites (figure 4.10b).
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 . (a) Features that can be used to infer syndepositional faulting. Intrabasinal fault
A is syndepositional; fault B is postdepositional. The border fault is syndepositional. (b) Highly schematic diagram of the topography associated with the northern end of a basin-bounding fault system. The stream patterns are based on data from the East African rifts (Cohen 1990 ). For further discussion, see the text. The topographic contours are inspired by surface deflection profiles measured by Gupta and Scholz (1998) on small normal faults from the Danville basin (see also and Ackermann et al., chapter 8 in this volume).
Furthermore, lacustrine facies are deeper in the Somerset core than in the Rutgers core. All overlap sections are thicker in the core located closer to the center of the basin or to the BFS or to the Hopewell intrabasinal fault system. Syndepositional faulting is therefore the most likely cause for these variations in thickness and facies.
Stratigraphic intervals recovered in the NBCP cores may also be correlated to outcrop sections (Silvestri 1994 (Silvestri , 1997 . For example, the Perkasie Member, which was recovered in the bottom of the Rutgers core and in the top of the Titusville core, has been correlated to outcrop sections that have been traced for more than 125 km across the Newark basin ( figure 4.10c) . The units generally thicken toward the center of the basin (Rutgers core to Titusville core) and from the hinged margin toward the BFS (e.g., Titusville core to Milford section). The variations in thickness suggest that the Newark basin is a plunging syncline in longitudinal section; this configuration is consistent with syndepositional BFS displacement being highest near its center and decreasing toward its lateral ends (Schlische 1992) . These interpretations also are supported by the marked increase in thickness of the Lockatong Formation toward the center of the basin ( figure 4.1b) .
Core-to-outcrop correlations provide constraints on the timing of activity of some of the intrabasinal faults. Different thickening rates in different fault blocks led Schlische (1992) to conclude that the Hopewell and Flemington fault systems were syndepositionally active. In addition, Jones (1994) and Schlische (1995) showed that some transverse folds in the hanging walls of the Hopewell and Flemington fault systems were syndepositionally active; if the folds are fault related, then the intrabasinal fault systems were syndepositionally active.
By far the best evidence for syndepositional folding along the BFS comes from the southwestern part of the Newark basin. Outcrop, drill hole, and seismic reflection data (Schlische 1992 (Schlische , 1995 Reynolds 1994) show that units thicken toward synclinal hinges and thin toward anticlinal hinges (figure 4.3a and b). In addition, the concordant diabase intrusions restricted to the hinge of the Jacksonwald syncline (figure 4.3a) are interpreted as phacoliths (Manspeizer 1988; Schlische and Olsen 1988) , which suggests that intrusion occurred during or after at least some folding. Thus transverse folds from the scale of the Newark basin itself to the Jacksonwald syncline formed syndepositionally. Geometrically similar transverse folds in other basins also likely formed syndepositionally.
Onlap
Hanging-wall onlap refers to a stratal geometry in which progressively younger synrift strata progressively onlap prerift rocks of the hanging-wall block Schlische 1991) . Transverse onlap is observed in sections normal to the BFS, whereas longitudinal onlap is observed in sections parallel to the BFS. Hanging-wall onlap is readily produced in basin-growth models in which the basin is completely filled to its lowest outlet following each increment of extension ( figure 4.11c, stage 4) . Both types of onlap should be readily observable on seismic lines (but see Morley 1999) , but they are difficult to detect in map view. Longitudinal pinchout (figure 4.8) is a map-view manifestation of longitudinal onlap. Transverse onlap has been observed in outcrop in the Fundy basin (figure 4.11b) and on a transverse seismic line across the Newark basin, and it also has been inferred from drill hole data in the Richmond basin (figure 4.11a) as well as on seismic lines across the Atlantis, Long Island, and Nantucket basins ) (figure 4.2). Longitudinal onlap has been inferred from longitudinal pinchout in the Newark and Danville basins (Schlische 1993) (figure 4.1b) . Hanging-wall onlap is the primary stratigraphic evidence that the basins have grown wider and longer through time (Leeder and Gawthorpe 1987; Gibson, Walsh, and Watterson 1989; Schlische and Olsen 1990; Schlische 1991 Schlische , 1993 . Internal onlap refers to a stratal geometry in which younger synrift strata onlap older synrift strata; this phenomenon is discussed later in the chapter in relation to tectonostratigraphic sequences (Olsen 1997) .
Hanging-wall onlap has important implications for estimates of the age of the synrift deposits. Although the rift basins of eastern North America are erosionally dissected, the oldest synrift deposits are not exposed at the surface (figure 4.11c, stage 4). Thus age estimates based exclusively on surface outcrops understimate the age of the oldest synrift deposits.
Vertical Transitions and Basin-Filling Models
The typical Triassic stratigraphy (Olsen, Schlische, and Gore 1989; Schlische and Olsen 1990; Olsen 1997) consists of a basal fluvial unit overlain by lacustrine strata, with the deepest lakes occurring near the base of the lacustrine succession and then generally shoaling upward (figure 4.12). In some basins, the shallowwater lacustrine deposits are capped by fluvial strata. This stratigraphic architecture is referred to as a tripartite stratigraphy. In the northern basins, this Triassic tripartite sequence is overlain by an Early Jurassic age package of lava flows and intercalated lacustrine (com-monly deep-water) strata overlain in turn by shallow lacustrine strata and, in some cases, by fluvial strata (figure 4.12).
Basin geometry, onlap geometry, and major stratigraphic transitions are consistent with the filling of a basin growing wider, longer, and deeper through time under conditions of constant sediment-supply rate and a finite supply of water Schlische 1991) (figure 4.11c) . These basin-growth and basin-filling models predict (1) initial fluvial sedimentation and associated hanging-wall onlap (sediment supply exceeds basin capacity), followed by a transition to lacustrine sedimentation (basin capacity exceeds sediment supply); (2) increasing lake depths following the fluvial-lacustrine transition (excess basin capacity is increasing), followed by a lake-depth maximum (available volume of water is exactly equal to excess basin capacity); and then (3) declining lake depths (the finite volume of water is spread out over an increasingly larger excess capacity) and a return to fluvial sedimentation (which requires decreasing subsidence rates toward the end of the extensional episode). Although the basin-filling models are in qualitative agreement with the observed stratigraphy, there are a number of important limitations and exceptions, which are described in detail by Schlische and Olsen (1990) , Schlische (1991) , and Schlische and Anders (1996) .
According to these basin-filling models, the fluviallacustrine transition is a consequence of the gradual growth of the basin in length and width. Other workers have interpreted the fluvial-lacustrine transition to reflect a "tectonic" event that deepened the basin and allowed a lake to form (e.g., Manspeizer 1988; Ressetar and Taylor 1988; Manspeizer et al. 1989; Lambiase 1990 ). This explanation is somewhat unsatisfactory because the fluvial-lacustrine transition occurred at a different times in different basins, implying no re- gional tectonic control on sedimentation. Smoot (1991) hypothesized that reductions in fluvial gradients and clogging of the outlets may contribute to the fluvial-lacustrine transition. This hypothesis predicts fluvial-lacustrine transitions of variable age and successfully accounts for a change from initial braidedstream deposits to meandering-stream deposits observed in the basal fluvial sequences of many exposed rift basins. Lambiase (1990) and Lambiase and Bosworth (1995) related the fluvial-lacustrine transition to a reduction in the number of intrabasinal fault blocks through time and to the development of a closed basin bounded by the uplifted footwall blocks, the ramping margin of the basin, and high-relief accommodation zones (HRAZs) that are associated with antithetic overlapping normal faults. These models, however, have limited applicability to the eastern North America rift system, which lacks the HRAZs. Gupta and Scholz (1998) described a model of faultsystem evolution and rift-basin subsidence that predicts an increase in local fault-displacement rates as a result of strain localization and stress enhancement on optimally located faults. This model, applied to terrestrial rift basins, is appealing because the fluviallacustrine transition need not occur at the same time throughout an extending region and the local increase in displacement rate on a given fault is not associated with a change in the regional extension rate. This model has yet to be applied formally to the eastern North American rift system.
Basin-growth and basin-filling models also make specific predictions about how accumulation rates should change through a vertical succession and with position in the basin; these predictions then can be 44 • Roy W. Schlische  . Comparison of accumulation rate data derived from various basin-fill models (a-c) and of cyclostratigraphically calibrated accumulation rate data from the Newark basin. The various accumulation rate data sets were normalized by the maximum accumulation rate in each data set to facilitate comparisons. The numbered curves in b and c were derived from vertical drill holes through the basin shown in c (a, data for full graben from Schlische and Olsen 1990 and for half-graben [depocenter and edgeward] from Schlische 1991; b, constant strain rate and, c, constant fault-lengthening rate modified from Contreras, Scholz, and King 1997) . (d) NBCP data based on a composite reference section scaled to the Rutgers core . compared with accumulation rate data derived from cyclostratigraphy (thickness of the cycle divided by its period). Using a full-graben basin growing wider and deeper through time under conditions of constant sediment-supply rate, Schlische and Olsen (1990) determined that accumulation rates are equal to subsidence rates during fluvial sedimentation ( figure 4.13a) ; during lacustrine sedimentation, accumulation rates decrease exponentially through time ( figure 4.13a) . The major shortcomings of this model-the fullgraben geometry and lack of longitudinal basin growth-were addressed by Schlische (1991) , who used a geometric half-graben basin-growth model (similar to that in figure 4.11c) under conditions of constant sediment-supply rate. Accumulation rates (determined for a vertical drill hole through the synrift section) generally increase rapidly and then decrease somewhat more slowly (figure 4.13a). In addition, accumulation rate curves vary with position in the basin. Contreras, Scholz, and King (1997) used a more sophisticated numerical model of basin growth and sedimentation incorporating self-similar faulting (n ‫ס‬ 1), flexure, isostasy, and diffusion of erosion and sedimentation; they confirmed that accumulation rate curves are sensitive to location within the basin as well as to the temporal evolution of the BFS (constant strain rate versus constant fault-lengthening rate) (figure 4.13b and c) .
At the time of the publication of Schlische and Olsen (1990) , accumulation rate data for the Newark basin were based solely on outcrops and appeared to confirm the model's predictions. However, the data were derived from outcrops scattered throughout the basin and were not corrected for spatial variations in subsidence rates. The NBCP has provided detailed accumulation rate data, based on cyclostratigraphy, for the individual cores containing lacustrine strata as well as for a composite section, which was constructed by scaling individual cored sections to the Rutgers locality using the thickening trends observed in the overlap sections (figure 4.10a) . Although there is considerable scatter in the Triassic age section, which may reflect a climatically driven oscillation in sediment-supply rate (Silvestri and Schlische 1992) , accumulation rates generally increase following the fluvial-lacustrine transition, reach a maximum in the lower Passaic Formation, decrease toward the middle Passaic Formation, and then remain essentially constant through the uppermost Passaic Formation ( figure 4.13d) . The first three trends are in broad agreement with the predictions of Schlische (1991) and with the constant strain rate models of Contreras, Scholz, and King (1997) . However, neither model accounts for the fourth trend, which perhaps indicates that increases in sediment-supply rates offset increases in basin capacity as a result of basin growth.
A major deviation from the predictions of the basin-filling models occurs in the Early Jurassic strata, which are characterized by markedly higher accumulation rates and deeper lake facies than the immediately preceding stratigraphic section. Schlische and Olsen (1990) proposed that accelerated extension resulted in asymmetric deepening, which caused sediments and water to "pond" in the basin depocenter, leading to higher accumulation rates and lake depths. This scenario predicts that the contact between the two sequences should be in part unconformable and be marked by internal onlap. Such an unconformity has been documented only in the Connecticut Valley basin (Cornet 1977; J. P. Smoot, personal communication, cited in Olsen 1997) . The Early Jurassic sequence is also associated with the emplacement of tholeiitic basalt flows. No doubt some of the marked increases in accumulation rate and water depth can be attributed to the isostatic consequences of the loading of up to several hundred meters of basalt. However, increases in lake depths (or the switch from fluvial to lacustrine sedimentation) preceded the igneous event in the Fundy, Connecticut Valley, and Newark basins (Olsen 1997) (figure 4.12) . Thus the emplacement of the lava flows was not the cause of the stratigraphic changes but may have contributed to their magnitude. Perhaps the increase in extension rate was partially responsible for triggering the igneous activity (Schlische 1990) . A case also can be made that a wetter climate resulted in more water (and more sediment) entering the basins. At least in the Newark basin, sedimentary facies become somewhat wetter in the upper 3 km of the Passaic Formation (Smoot and Olsen 1994) , but these changes are not nearly as extreme or abrupt as those occurring between the latest Triassic and earliest Jurassic sequences. Tectonics was therefore responsible for the higher accumulation rates and deeper-water facies present in Early Jurassic age strata, although it is likely that accelerated faulting led to higher footwall uplift, resulting perhaps in increased orographic precipitation (e.g., Manspeizer 1982) .
The foregoing discussion highlights the utility of the basin-filling models. These models can explain many of the elements of the stratigraphic record in terms of the growth and filling of half-graben basins, but they also highlight notable departures from the baseline conditions, which are the result of tectonic or climatic events. The Early Jurassic event discussed here is perhaps the most significant "anomaly." Others include the exclusively fluvial deposits in the Triassic sections of the Connecticut Valley, which are perhaps related to a larger than normal axial supply of sediment and/or to a lower basin subsidence rate, and the two deepwater lacustrine intervals in the Triassic section of the Danville basin (figure 4.12), which are as yet unexplained. Lambiase (1990) described the Newark basin as a "dual-cycle" basin in that it contains a Late Triassic tripartite sequence overlain by an Early Jurassic sequence produced as a result of tectonic rejuvenation. Olsen (1997) refined this concept and defined tectonostratigraphic sequences as packages of sedimentary rock that compose all or part of a tripartite sequence. These tectonostratigraphic packages mostly likely are bounded by unconformities, which may be subtle in the depocenters of the basins. The majority of the Late Triassic section in the exposed basins falls into Olsen's tectonostratigraphic sequence (TS) III; the Early Jurassic belongs to TS IV. TS I is a Permian age sequence known from only the Fundy and Argana (Morocco) basins . In the Fundy basin, the TS I package may not be a synrift deposit . TS II deposits were deposited under considerably more humid conditions than TS I. The climatic milieu changed from more humid to more arid going from TS II to TS III. Well-developed angular unconformities between TS II and TS III are present in the Richmond-Taylorsville (LeTourneau, chapter 3 in volume 2) and Fundy basins. TS I and TS II are poorly exposed because they are onlapped and overlapped by TS III. Interestingly, TS II and TS II preferentially outcrop in the Richmond-Taylorsville and Fundy basins, both of which appear to be more strongly inverted than other Mesozoic rifts (see later in chapter).
Extrabasinal Drainages
Thus far, our attention has focused on the first-order effect of basin geometry on thickness and facies patterns in the basin fill. The geometry of the uplifted footwall block also influences sedimentation patterns. Based on the footwall displacement field and studies of uplifted footwall blocks from areas of active extensional tectonics, the geometry of footwall uplift consists of narrow escarpment sloping toward the sedimentary basin and a wider flank sloping away from the basin (figure 4.9b). Consequently, drainages entering the basin from the footwall are quite small and deliver only limited quantities of sediment (Frostick and Reid 1987; Cohen 1990 ); most footwall rivers flow away from the basin. Conversely, the hanging-wall block slopes toward the basin, and the number of streams and their sediment loads entering the basin from the hanging-wall margin are substantially larger than the direct footwall component ( figure 4.9b) . The magnitude of the footwall uplift commonly reaches a maximum near the center of the fault system and tapers off to zero near the ends (e.g., Zandt and Owens 1980; Anders and Schlische 1994) . Therefore, streams flowing down the flank of the uplift may swing around and enter the basin at its longitudinal ends (Cohen 1990 ), contributing to an axial component of sediment transport (Lambiase 1990 ) (figure 4.9b). BFS segment boundaries are commonly associated with footwall elevation lows, especially during the early stages of fault linkage (but see also Anders and Schlische 1994) . These lows may be exploited by streams flowing off the footwall block (Leeder and Gawthorpe 1987; Gawthorpe and Hurst 1993) , and thus relay ramps are sites of significant flux of coarse clastics into the basin (figure 4.9b).
Sedimentologic data from the Newark basin generally support these relationships. Conglomeratic deposits along the BFS are relatively small and discontinuous in map view. However, some of the largest deposits are associated with relay ramps (figure 4.3a) . Paleocurrent and provenance data indicate that most sediment was sourced from the hanging-wall block or from the axial ends of the basin (Glaeser 1966; Allen 1978; Oschudlak and Hubert 1988; Smoot 1991) . The situation in the Hartford subbasin is considerably more complex. The footwall block was the predominant source of sediment during Triassic time (Hubert et al. 1978) , perhaps because erosion could keep pace with uplift during a period of low extension rate. This hypothesis is to some extent supported by the exclusively fluvial deposits in the Hartford basin, in contrast to the Triassic seqences of all the other exposed basins. During the extrusive interval, when extension rates and footwall uplift rates may have been higher, the hanging wall was the predominant source (Hubert et al. 1978) , whereas the footwall served as the predominant source in the postextrusive interval (McInerny 1993) .
Regional Trends
Two regional trends have been noted for the eastern North American rift system. The most obvious is the apparent increase in aridity of contemporary sequences going from the southern basins to the northern basins (Olsen 1997) . These trends reflect the paleogeography of the basins with respect to a zonal climatic regime; that is, in Late Triassic time, the southern basins were located closer to the paleoequator than the northern basins were. The second regional trend concerns the absence of TS IV deposits from the exposed southern basins. The absence of these deposits can be attributed to either nondeposition or erosion of Jurassic deposits. Thermal maturation indices and modeling studies in the Taylorsville basin suggest that the former is more likely (Malinconico, chapter 6 in this volume). As documented more fully in the next section, border faulting, basin subsidence, and synrift sedimentation ended prior to the Early Jurassic igneous episode in the southern basins (Withjack, Schlische, and Olsen 1998) . This interpretation is bolstered by widespread subsurface basalt flows in the southeastern United States; these approximately 200 Ma lava flows (Ragland 1991) are interpreted as postrift because they are untilted and extend beyond the limits of synrift basins (McBride, Nelson, and Brown 1989) .
Postrift Deformation and Basin Inversion
A large suite of structures formed during NW-SE extension; these include NE-striking normal faults, diabase dikes, joints, and veins; NW-trending faultdisplacement folds; some NE-trending reverse-drag and normal-drag folds; and E-striking left-oblique faults. Many of these structures are associated with syndeformational sedimentation. However, many structures (especially reverse faults, associated folds, and faults exhibiting multiple slickenline orientations [e.g., de Boer and Clifton 1988] ) cannot be attributed to NW-SE extension. Sanders (1963) was among the first to suggest that the stress regime changed after rifting and that reverse faults, strike-slip faults, and folds formed during postrift (generally postdepositonal) deformation. Swanson (1982 ), de Boer and Clifton (1988 ), and de Boer (1992 proposed a period of margin-parallel "shift" between the rifting and drifting stages. Although some of the structures that Sanders and others attributed to postrift shortening have subsequently been shown to have formed during NW-SE syndepositional extension, the general concept of postrift deformation is viable. In recent years, a growing body of evidence indicates that these structures are more widespread and involve more shortening than previously thought and that in some cases the basins themselves have undergone inversion (Withjack, Olsen, and Schlische 1995; Withjack, Schlische, and Olsen 1998) .
Although there is some disagreement about the definition of the word inversion (Williams, Powell, and Cooper 1989) , it is generally agreed that inversion involves a reversal in deformation style: positive inversion involves extension (or transtension) followed by compression (or transpression), whereas negative inversion involves compression (or transpression) followed by extension (or transtension). Basin inversion is positive inversion associated with the transformation of an area of subsidence to one of uplift. Classic basininversion structures consist of anticlinal folds, reverse faults, and strike-slip faults associated with the reactivation of normal faults (Harding 1983; Bally 1984; Lowell 1995 ) (figure 4.5). These structures have a harpoon or an arrowhead geometry and commonly are referred to as Sunda folds, based on the type locality in Indonesia (e.g., White and Wing 1978) . Excellent reviews of basin inversion are given by Cooper and Williams (1989) , Coward (1994 Coward ( , 1996 , and Buchanan and Buchanan (1995) . Basin inversion is one aspect of postrift deformation, which I define as any deformation postdating the synrift stage. This section reviews the features associated with postrift deformation, attempts to constrain the age of formation of these features, and presents a model for the tectonic evolution of eastern North America, which consists of a rifting stage and a diachronous transition to a postrift stage involving postrift shortening and basin inversion as well as the initiation of seafloor spreading.
Features Associated with Postrift Shortening and Basin Inversion
The largest-scale structures associated with postrift shortening and basin inversion have been observed in the Fundy basin (Withjack, Olsen, and Schlische 1995) . Seismic reflection data indicate that the relatively shallow-dipping border faults of the Fundy and Chignecto subbasins, which experienced greater than 10 km of normal slip, were reactivated as thrust faults (figure 4.14c) with as much as 4 km of reverse slip, and the Minas fault zone experienced less than 8 km of rightoblique reverse slip. Anticlines and synclines formed during reverse motion along the reactivated faults (figure 4.14a-c) . Synrift strata uniformly thicken toward the associated faults and show no evidence of thinning on the crests of anticlines or of thickening in the troughs of synclines (figure 4.14b). The folds are therefore postdepositional structures. The folds generally trend in a SW or WSW direction, parallel to the large axial syncline of the Fundy basin (figure 4.1a), which is also thought to be related to basin inversion (Withjack, Olsen, and Schlische 1995) . Basin inversion may account for enigmatic structural relations at the junction of the Fundy, Minas, and Chignecto subbasins. Schlische's (1990) basin apparently underwent larger reverse reactivation than the BFS of the Chignecto subbasin (Withjack, Olsen, and Schlische 1995) . Outcrop examples of inversion from the Minas subbasin include reversereactivated normal faults within a larger NE-striking normal fault zone (figure 4.6b); normal faults exhibiting synrift growth that were rotated into a reversefault geometry (figure 4.6c); and en echelon folds associated with right-oblique reverse reactivation of a fault zone that underwent left-oblique normal movement during synrift faulting. All postrift structures in outcrop are consistent with NW-SE shortening, a reversal of the earlier synrift NW-SE extension (figure 4.6d and e).
Reverse faults, conjugate strike-slip faults, and minor folds within the Connecticut Valley basin have been attributed to postrift compression, which is thought to have rotated from NE-SW to NW-SE through time (de Boer and Clifton 1988; Wise 1993) . The Newark basin contains NE-striking reverse faults associated with extensive fluid flow (figure 4.14e) as well as reverse-reactivated normal faults (Schlische 1992) . Shaler and Woodworth (1899) documented basement-involved reverse faults and associated folds within the synrift strata of the Richmond basin (figure 4.14f). NE-striking reverse faults, NE-trending folds, and NNW-striking dikes mapped by Venkatakrishnan and Lutz (1988) are indicative of NNW-SSE shortening. In the Danville basin, NE-striking reverse faults are parallel to and occasionally deform small normal Compressional structures are not limited to the rift basins. Generally, NE-striking reverse faults offset Cretaceous and younger rocks of the Atlantic coastal plain (Prowell 1988) (figure 4.14g) . Unlike the reverse and strike-slip faults of the Fundy basin, these faults are not mineralized (Prowell 1988) . Maximum separation is less than 80 m, much less than the minimum of 4 km of reverse displacement associated with some faults in the Fundy basin.
Age Relations
The Early Jurassic age eastern North American magmatic event provides a temporal benchmark that indicates that rifting, basin subsidence, and initiation of postrift shortening and basin inversion began earlier in the south than in the north (Withjack, Schlische, and Olsen 1998 ). This conclusion is based on the following lines of evidence:
1. Seismic data indicate that the NE-striking Cooke fault in South Carolina underwent at least 140 m of reverse displacement before the emplacement of Early Jurassic basalt (Behrendt et al. 1981; Hamilton, Behrendt, and Ackermann 1983) . NE-trending compressional structures in the Richmond basin are cut by Early Jurassic age NNW-trending diabase dikes (Venkatakrishnan and Lutz 1988) , indicating that shortening began prior to Early Jurassic time. In the Fundy basin, the shortening postdates the earliest Jurassic age basalts and postextrusive deposits (Withjack, Olsen, and Schlische 1995) ; structural relations in the nearby Orpheus graben and Emerald-Naskapi basin (figures 4.1a and 4.14d) indicate that most of the inversion ended before or during Early Cretaceous time and probably before or during early Middle Jurassic time (Withjack, Olsen, and Schlische 1995) .
2. NW-striking diabase dikes are prevalent from Virginia southward and are indistinguishable in age from the earliest Jurassic NE-striking dikes in northeastern North America (McHone 1988; Ragland, Cummins, and Arthur 1992) (figure 4.4) . Thus, two different stress fields existed in eastern North America during Early Jurassic time (McHone 1988) : the southern one was characterized by NE-SW-oriented S Hmin , with S Hmax (maximum horizontal stress) oriented NW-SE; the northern one was characterized by NW-SEoriented S Hmin . The southern stress field is incompatible with the NW-SE extension responsible for faulting and basin formation. Indeed, the NW-striking dikes are subperpendicular to and cut the NE-striking BFSs of the Deep River and Danville basins ( figure 4.4) . Thus the southern basins, subjected to S Hmax oriented NW-SE, were no longer extending in earliest Jurassic time. At the same time, the northern basins, subjected to S Hmax oriented NE-SW, experienced accelerated extension and subsidence (Olsen, Schlische, and Gore 1989) .
3. Cessation of extension prior to Early Jurassic time in the exposed southern basins is further suggested by the absence of Jurassic sedimentary rocks (figure 4.12). In addition, untilted postrift, Early Jurassic age basalt (e.g., McBride, Nelson, and Brown 1989) overlies tilted synrift strata in the subsurface of South Carolina and Georgia. Withjack, Schlische, and Olsen (1998) 2. Prior to Early Jurassic time, the southern basins stopped subsiding.
Tectonic Synthesis
3. In earliest Jurassic time, the southern region experienced NW-SE shortening, resulting in the development of small-scale reverse faults, folds, and possible basin inversion as well as the intrusion of NW-striking diabase dikes (figure 4.15c). Coevally, the northern basins were actively extending in a NW-SE direction, resulting in the intrusion of NE-striking dikes and accelerated subsidence, which was responsible for Olsen's (1997) TS IV. Withjack, Schlische, and Olsen 1998) 4. By Middle Jurassic time, all of eastern North America was experiencing shortening, generally oriented NW-SE, which resulted in the development of small-scale reverse faults, folds, and basin inversion (figure 4.15d). This deformational regime persisted locally into Cenozoic time (based on NE-striking reverse faults affecting Cretaceous and early Cenozoic age coastal plain units). The present-day deformational regime is associated with S Hmax oriented NE-SW (Zoback 1992) .
The cause of the inversion is not immediately obvious. On the northwestern European continental margin, where basin inversion is quite common and has been studied for considerably longer than in eastern North America, tectonic inversion (in contrast to regional exhumation, which may be caused by isostatic unloading or igneous underplating [Brodie and White 1994; Coward 1994 ]) has been attributed to (1) transpression along strike-slip faults, resulting from a change in stress regime (e.g., Glennie and Boegner 1982) ; (2) the effects of the Alpine orogeny (e.g., Ziegler 1987 Ziegler , 1989 Roberts 1989) ; (3) the transition from rifting to drifting in the North Atlantic (Chapman 1989) ; (4) the interaction between the convergent southeastern plate boundary and the divergent northwestern margin (Cartwright 1989) ; and (5) the effects of ridge push and continental resistance to plate motion (Boldreel and Andersen 1993 ; see also Dewey 1988 and Bott 1992) . Only mechanisms (3) and (5) are viable on a regional basis in eastern North America (Withjack, Olsen, and Schlische 1995; Withjack, Schlische, and Olsen 1998) . The inferred NW-SE shortening direction is also compatible with the inferred early NW-SE spreading direction (Klitgord and Schouten 1986) . However, the spreading direction in the central North Atlantic has not remained constant (Klitgord and Schouten 1986) 1. The diachronous end of rifting and initiation of postrift shortening imply that the initiation of seafloor spreading itself was diachronous (Withjack, Schlische, and Olsen 1998) (figures 4.15 and 4.16 ). Seafloor spreading is hypothesized to have begun by Early Jurassic time in the area adjacent to the Carolina trough; seafloor spreading began by late Early Jurassic or Middle Jurassic time in the region from the Baltimore Canyon trough to southeastern Canada. This two-step initiation of seafloor spreading for the central North Atlantic previously was unrecognized-not surprising, given that the magnetic anomaly record of the oldest oceanic crust is obscured by passive margin sediments (e.g., Klitgord, Hutchinson, and Schouten 1988) , which themselves have been dated directly only in the Georges Bank basin (e.g., Poag 1991).
2. Postrift deformation appears to have occurred closely following the end of synrift sedimentation. In basins that experienced widespread inversion, uplift shortly followed the period of maximum burial.
3. The initiation of postrift deformation coincides with the rift-drift transition. Basin inversion may thus be in part responsible for the breakup unconformity (terminology from Falvey 1974) . The nascent continental margin may have been particularly susceptible to postrift shortening during the initial stages of seafloor spreading because lithospheric strength was lowest during the rift-drift transition as a result of extensional thinning and heating (e.g., Coward 1994) .
4. Because the inferred direction of shortening (NW-SE) is parallel to the synrift extension direction and the inferred seafloor spreading direction, there is no need for a shift or shearing stage between the rift and drift stages (see also Klitgord, Hutchinson, and Schouten 1988) .
Discussion
Let us now revisit the major points of contention outlined at the beginning of this chapter. Contention (1) concerns whether the large suite of structures contained in the eastern North American rift system is attributable either to a uniform stress field reactivating variably oriented Paleozoic structures (RatcliffeBurton model) or to a history of changing stress regimes. Both hypotheses are correct. Although it is true that more and more structures are recognized as having formed during the synrift stage (including folds and strike-slip faults), an important suite of structures also formed during postrift shortening and basin inversion, a process that appears to be an integral part of rifting and continental separation. Contention (2) concerns the timing of formation of structures with respect to sedimentation (syndepositional versus postdepositional). Again, both hypotheses are correct but apply to different periods. For the most part, structures (especially border faults, some intrabasinal faults, and many folds) that formed during the rifting phase are syndepositional; all structures associated with postrift deformation and basin inversion in the exposed basins are postdepositional. Contention (3) is related to the causes of the major stratigraphic transitions in the exposed basins. Once again, elements of both hypotheses are correct. Although some of the important stratigraphic transitions (especially those within tectonostratigraphic sequences) are related to the infilling of a basin growing in size through time, other transitions (those occurring between tectonostratigraphic sequences) are likely related to tectonic and, in some cases, to climatic changes.
Although much progress has been made in characterizing the structural geology and interpreting the basin evolution and tectonic development of the eastern North American rift system, there are still a number of unresolved issues:
1. The basin-growth models outlined in this chapter are based on models for the growth of newly formed faults, yet the majority of the BFSs are reactivated Paleozoic faults. The size of the normally slipped part of the fault undoubtedly grows through time, but to what extent does fault reactivation affect rates of fault and basin growth and subbasin linkage? Is reactivation a factor in surpressing the degree of longitudinal onlap (for additional discussion, see Morley 1999)? 2. Why are transverse folds so poorly developed (or even absent) in the footwall blocks of normal faults? In the case of border faults in which the footwall block consists of "basement," the rocks may lack the subhorizontal layering required to recognize the trans-verse folds. Another possibility (applying to both BFSs and intrabasinal faults) is that the magnitude of footwall uplift may be up to 5.5 times less than hangingwall displacement (Stein and Barrientos 1985) , resulting in along-strike displacement variations too subtle to detect.
3. What are the minor structures associated with folds, and what controls their spatial distribution? Of particular interest is the pressure-solution cleavage present in parts of the Jacksonwald and Sassamannsville synclines in the southeastern Newark basin (Lucas, Hull, and Manspeizer 1988; Schlische 1992) . Is the cleavage related to postrift deformation or to localized shortening in the inner arcs of units that buckled independently during warping? In the latter case, extensional structures should form in the outer arcs.
4. Why do the transverse fault-displacement folds related to small-scale BFS segmentation have no basinwide expression? One possibility is that the transverse folds are reflecting the near-fault displacement variations on individual fault segments, whereas the geometry of the basin reflects the overall displacement geometry. (Anders and Schlische [1994] showed that footwall blocks of basin-bounding faults in the Basin and Range are not affected by fault segmentation, which may also explain why there are no transverse folds in the footwall blocks.) Another possibility is that intrabasinal faults accommodate extension in areas of displacement deficit on the BFS, which requires a certain amount of "communication" among faults within the system (Cowie, Vanneste, and Sornette 1993) .
5. How has postrift shortening modified fold geometry? The Ferndale dome and basin folds (figure 4.10a) and the Watchung syncline in the Newark basin (figure 4.10a; see also figure 4.2, section F-FЈ) are interference folds that combine elements of transverse and longitudinal folds. The transverse aspects are likely related to along-strike variations in fault displacement. The longitudinal aspects may be related to faultpropagation (drag) folding or to basin inversion. Folding should be syndepositional in the former case and postdepositional in the latter.
6. What accounts for the anomalous distribution of strata in the Newark basin? Erosional truncation of a structurally simple basin results in a partial bull's-eye pattern of stratigraphic units (figure 4.11c), with the youngest units preserved adjacent to the BFS at the center of the basin. In the Newark basin, the youngest units are preferentially preserved in the northeastern third of the basin (figure 4.1b). Schlische and Olsen (1988) hypothesized that basin subsidence was greatest in the northeast because the BFS has the steepest dip in this region. However, the facies and thickness data for Triassic strata do not support this contention. One viable possibility is that inversion preferentially affected the central and southwestern parts of the basin because the BFS dips less steeply and would be preferentially reactivated during compression. Another possibility is that the depocenter shifted to the northeast in Early Jurassic time. Regional thickness and facies trends for the Jurassic strata are much less well known than for the Triassic strata and are in need of closer examination.
7. What is the relationship between basin inversion/ postrift shortening and fluid flow or igneous activity? The inversion in the southern basins is associated with the Early Jurassic age magmatic event and the emplacement of seaward-dipping reflectors at the continentocean boundary (Withjack, Schlische, and Olsen 1998) . The inversion in the northern basins is broadly contemporaneous with an inferred hydrothermal event that reset many isotopic clocks (Sutter 1988) , that remagnetized many rocks (Witte, Kent, and Olsen 1991) , and that may be related to the emplacement of seawarddipping reflectors during the initiation of seafloor spreading along the northern segment of the central North Atlantic margin (figure 4.16). Olsen, Schlische, and Gore (1989) and Schlische (1990) attributed the fluid flow to a period of accelerated normal faulting immediately prior to breakup, but faulting during postrift deformation and inversion is also possible. In fact, the reverse fault shown in figure 4.14e exhibits extensive hydrothermal alteration along the fault plane and subsidiary fractures. Interestingly, Sibson (1995) argued that high fluid pressures are required to reactivate normal faults that are not optimally oriented (i.e., those dipping steeper than 50Њ) and that fluid pressures increase during inversion as open subvertical fractures close during regional subhorizontal compression. The implications of these relationships for thermal maturity studies are as yet largely unexplored.
8. What is responsible for the N-trending set of dikes that intrude the southern basins and basement? Based on cross-cutting relations, these dikes are younger than the NW-striking set (Ragland, Cummins, and Arthur 1992) and may be related to the emplacement of offshore plutons ) (figure 4.4). They indicate that the shortening direction shifted from NW-SE to N-S. However, the tectonic implications of this shift and the absolute age relationships of the two dike sets remain to be fully explored (M. O. Withjack, personal communication 1997) .
9. What caused the extensional pulses thought to be responsible for the tectonostratigraphic sequences? Was TS I deposited in a rift basin or a sag basin ? Are any sequences related to extensional collapse following the cessation of continental convergence rather than extension associated with continental fragmentation? Is the apparent marked increase in extension rate associated with the start of TS IV in any way related to the cessation of rifting and initiation of seafloor spreading in the south?
10. Although there is crude agreement between the predictions of half-graben basin-filling models and accumulation rate data from the Newark basin, more sophisticated models (that incorporate syndepositional intrabasinal faults, variable sediment supply rates, and sediment compaction) and more data on accumulation rates from across the basin are required before we can make specific predictions about faultdisplacement and basin-growth rates.
